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Mitochondrial disorders are a heterogeneous group of often multisystemic and early fatal diseases, which are amongst the most
common inherited human diseases. These disorders are caused by defects in the oxidative phosphorylation (OXPHOS) system,
which comprises five multisubunit enzyme complexes encoded by both the nuclear and the mitochondrial genomes. Due to the
multitude of proteins and intricacy of the processes required for a properly functioning OXPHOS system, identifying the genetic
defect that underlies an OXPHOS deficiency is not an easy task, especially in the case of combined OXPHOS defects. In the present
communication we give an extensive overview of the proteins and processes (in)directly involved in mitochondrial translation
and the biogenesis of the OXPHOS system and their roles in combined OXPHOS deficiencies. This knowledge is important for
further research into the genetic causes, with the ultimate goal to eﬀectively prevent and cure these complex and often devastating
disorders.
1. Introduction
Mitochondria are essential organelles that are present in
virtually all eukaryotic cells. They originated from an ances-
tral alpha-proteobacterial endosymbiont [1]. The primary
function of the mitochondrion is ATP production via the
oxidative phosphorylation (OXPHOS) pathway. Addition-
ally, mitochondria have been found to perform crucial roles
in many other metabolic, regulatory and developmental
processes. Mitochondrial dysfunction can therefore result
in a variety of diseases, including common multifactorial
disorders such as diabetes [2, 3] and Parkinson’s disease [4].
Furthermore, mitochondria are implicated in the normal
aging process [5, 6]. The term mitochondrial disorder usually
refers to diseases that are caused by disturbances in the
OXPHOS system. This is a heterogeneous group of often
multi-systemic and early fatal diseases, which are amongst
the most common inherited human diseases [7].
The OXPHOS system is embedded in the mitochon-
drial inner membrane and consists of five multiprotein
enzyme complexes (I–V) and two electron carriers [8]. The
main function of the system is the coordinated transport
of electrons and protons, resulting in the production of
ATP. The great complexity of the OXPHOS system, which
comprises almost 90 proteins encoded by both the nuclear
and the mitochondrial genomes, explains the heterogeneity
in clinical phenotypes that are associated with genetic
defects in oxidative phosphorylation. Approximately 67%
of the OXPHOS disorders diagnosed at our centre consist
of isolated enzyme deficiencies, whereas in 33% of the
cases multiple enzyme complexes show lowered activities
[9]. Due to the dual genetic control, the defect can be
located on the nuclear (n) as well as the mitochondrial (mt)
DNA. Isolated OXPHOS deficiencies are generally caused
by mutations in structural genes (encoding subunits of the
OXPHOS system) or in genes encoding proteins involved
in the assembly of a specific OXPHOS enzyme complex
[10, 11]. For combined deficiencies the situation is more
complicated. Most mutations associated with combined
OXPHOS defects have been reported in mtDNA-encoded
transfer (t) and ribosomal (r) RNAs [12]. Additionally,
nDNA-encoded proteins required for the replication and
integrity of mtDNA, such as polymerase γ and thymi-
dine kinase, are implicated in combined deficiencies [13].
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Recently, mutations in nine diﬀerent nuclear gene products
involved in mitochondrial protein synthesis were reported:
elongation factors mtEFG1, mtEFTs and mtEFTu, small ribo-
somal subunit proteins MRPS16 and MRPS22, aspartyl- and
arginyl-tRNA synthetases, and tRNA-modifying enzymes
PUS1 and TRMU [14–25]. These findings defined a new class
of gene defects underlying combined OXPHOS disorders.
In general, when multiple OXPHOS enzymes are aﬀected,
the genetic defect is presumed not to be located in genes
encoding OXPHOS subunits, but rather in genes needed
for mtDNA maintenance, mitochondrial transcription or
translation including posttranscriptional or -translational
processes, import of nDNA-encoded proteins into the mito-
chondrion or mitochondrial membrane biogenesis. Given
the number of proteins involved in these processes, a
comprehensive overview of the processes and proteins that
could be implicated in combined OXPHOS deficiencies
is important for further research into the cause of these
complex diseases.
This review will focus on the mammalian mitochon-
drial translation and its role in mitochondrial disorders.
However, other processes implicated in combined OXPHOS
deficiencies, in particular combined OXPHOS deficiencies
with normal complex II activities, and indirectly related to
mitochondrial translation will also be outlined. We will first
describe which processes are required before protein syn-
thesis can take place in the mammalian mitochondrion and
which components are needed for these processes. Second,
the current state of knowledge of the mitochondrial transla-
tion machinery and the mechanism of translation, including
regulation and functions of translation factors beyond
protein synthesis, will be discussed. Third, we will cover post-
translational processes with a functional OXPHOS system as
end result. Fourth, we will give a non-exhaustive overview of
the mutations that have been reported to impair mitochon-
drial protein synthesis and result in OXPHOS deficiencies.
And finally, prospects of research into the pathogenesis of
mitochondrial disorders will be mentioned.
2. Requirements before Mitochondrial
Translation Can Take Place
For translation in the mitochondrion to be able to take
place, a number of conditions have to be fulfilled. First of
all, mtDNA has to be present, maintained, replicated and
transcribed. Additionally, nuclear-encoded proteins required
for the proper functioning of the mitochondrion have to be
imported from the cell cytoplasm. These processes will now
be discussed successively. Figure 1 gives an overview of the
major processes (in)directly involved in the biogenesis of the
OXPHOS system and covered in this review.
2.1. Human mtDNA. The mitochondrial genome is a
double-stranded, circular molecule of 16 659 base pairs. It
is a highly compact genome that lacks introns and contains
only one major non-coding region (the displacement or D-
loop) and 37 genes, which code for 22 tRNAs, 2 rRNAs and
13 polypeptide subunits of the OXPHOS complexes I, III,
IV and V [26]. These genes are located on both strands of
the mtDNA molecule, the heavy (H) and light (L) strand.
MtDNA has a mutation rate 10–20 times that of nDNA [27–
29], which is thought to be caused by the lack of protective
histones, slightly limited DNA repair and proximity to
damaging reactive oxygen species (ROS) generated at the
inner membrane. The unique features of mitochondrial
genetics are essential for understanding the etiology and
pathogenesis of mitochondrial disorders [30]: (a) mtDNA
is maternally inherited; (b) cells typically contain hundreds
of mitochondria and thousands of mtDNA molecules (poly-
plasmy); (c) mutations can aﬀect all mtDNA copies in an
individual (homoplasmy) or only some copies resulting in
the coexistence of two or more mtDNA genotypes within a
single cell, organ or individual (heteroplasmy); (d) in case of
heteroplasmy, a minimum percentage of mutated mtDNAs
has to be present in a cell for the OXPHOS system to
malfunction (threshold eﬀect) and this threshold level varies
widely between diﬀerent tissues; (e) during mitosis both
normal and mutant mtDNA are randomly distributed to the
daughter cells, which can result in changing mutational loads
during the life of the patient and diﬀerent mutational loads
in diﬀerent cells and tissues (mitotic segregation).
2.2. Maintenance and Replication of mtDNA. Unlike nDNA,
which replicates only once during cell division, mtDNA
is continuously replicated, independent of the cell cycle
and also in non-dividing cells such as skeletal muscle
fibers and central neurons [31]. Replication is generally
thought to take place via a strand-asynchronous mechanism
involving two unidirectional, independent origins [32, 33].
Synthesis starts at the origin of H-strand replication (OH)
in the D-loop and proceeds along the parental L-strand
to produce a full daughter H-strand. When the second
origin (OL) at two thirds of the way around the genome
is reached, DNA synthesis of the L-strand initiates in the
opposite direction. Recently, however, a bidirectional mode
of mtDNA replication has been proposed [34, 35]. This
second mechanism involves a coupled leading- and lagging-
strand synthesis and is reported to exist along with the
strand-asynchronous mechanism.
MtDNA replication is achieved by a number of nuclear-
encoded proteins. First of all, the only DNA polymerase
present in mammalian mitochondria: polymerase γ. Poly-
merase γ is a heterotrimer consisting of a catalytic sub-
unit with proof-reading ability (POLG) and two identical
accessory subunits (POLG2) that bind DNA and increase
the processivity of POLG. Second, Twinkle is a 5′ to 3′
DNA helicase that unwinds double-stranded mtDNA and
thereby plays a role in mtDNA maintenance and regulation
of mtDNA copy number. Third, the mitochondrial single-
stranded binding protein (mtSSB) is thought to maintain
the integrity of single-stranded regions of DNA at replication
forks and to stimulate the activity of Twinkle and polymerase
γ. Additionally, several topoisomerases regulate supercoiling
of mtDNA. Furthermore, mtDNA ligase III is involved in
replication as well as repair of the mitochondrial genome.
For replication initiation, RNA primers are needed. An
as yet unidentified mtDNA primase likely provides the
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Figure 1: Schematic overview of the processes involved in mitochondrial translation and the biogenesis of the OXPHOS system. Before
translation can take place in the mitochondrion, the mtDNA needs to be maintained, replicated and transcribed and numerous nDNA-
encoded proteins have to be imported into the mitochondrion for these processes and for mitochondrial translation itself (see Figure 2 for
more details on mitochondrial translation and its components depicted here). For the formation of the OXPHOS system, the nDNA- and
mtDNA-encoded subunits need to be synthesized, imported, inserted into the inner membrane and assembled into enzyme complexes. The
13 mRNAs depicted refer to 9 monocistronic and 2 dicistronic transcripts. Proteins implicated in mitochondrial disorders are mentioned
in brackets (also see Table 1). CI–CV = complex I–V of the OXPHOS system; TIM and TOM = translocase of the inner and outer
mitochondrial membranes.
RNA primer for L-strand synthesis, whereas the mitochon-
drial transcription machinery is involved in RNA primer
formation for H-strand synthesis (see Section 2.3). RNase
mitochondrial RNA processing endonuclease (RNase MRP)
and endonuclease G are implicated in processing of the
precursor RNA primers for H-strand replication. Last, RNase
H1 has been proposed to be involved in replication of the
mitochondrial genome by removal of the RNA primers.
Ligase III, RNase MRP and RNase H1 are not specific
mitochondrial proteins; they are also located in the cell
nucleus. For a more detailed description of mitochondrial
replication see a review by Graziewicz et al. [36].
Furthermore, various other proteins are indirectly
involved in the maintenance of mtDNA either through
protecting the mitochondrial genome, repairing mtDNA
damage, or supplying nucleotide pools. Firstly, the
protection of the mitochondrial genome. MtDNA is
packaged into protein-DNA complexes called nucleoids,
which are believed to be the units of mtDNA transmission
and inheritance [37, 38]. Among the nucleoid components
are proteins involved in the maintenance, replication and/or
transcription of mtDNA, such as mtSSB, Twinkle, POLG
and TFAM (mitochondrial transcription factor A). Secondly,
mtDNA repair is crucial to avoid accumulation of damage to
the rapidly replicating mitochondrial genome. Mitochondria
possess multiple repair mechanisms, but these are beyond
the scope of this review (detailed descriptions of mtDNA
repair have been published previously [39, 40]). Thirdly,
a proper balance of the mitochondrial (deoxy)nucleoside
triphosphate ((d)NTP) pools, accomplished by mitochon-
drial transport proteins and salvage pathway enzymes, is
also essential for mtDNA maintenance and replication (for
an overview of mitochondrial dNTP metabolism and all
proteins involved, see [41]). Shortage and/or imbalance
of the dNTP pool could aﬀect the eﬃciency and accuracy
of mitochondrial replication. Additionally, disturbances of
the NTP pool may interfere with replication by aﬀecting
the synthesis of the RNA primers necessary for replication
initiation. This could subsequently lead to deletions in
the mtDNA or depletion (i.e., reduced copy number) of
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the mitochondrial genome. A number of mitochondrial
disorders are caused by defects in the mitochondrial
dNTP metabolism due to mutations in the following nine
nuclear genes: DGUOK, TK2, TYMP, SLC25A4, SLC25A3,
SUCLG1, SUCLA2, RRM2B, and MPV17 (for reviews
see [13, 42, 43]). Mitochondrial deoxyguanosine kinase
(DGUOK) and thymidine kinase (TK2) catalyze the first
step in the salvage pathways of pyrimidine and purine
deoxynucleosides, respectively. In the salvage pathway,
deoxynucleosides are activated by stepwise phosphorylation
leading to formation of the dNTPs. The cytoplasmic enzyme
thymidine phosphorylase (TYMP) catalyzes the reversible
phosphorylation of thymidine and thereby regulates the
availability of thymidine for DNA synthesis. Additionally,
adenine nucleotide translocators (ANT) are needed to regu-
late the concentration of adenine nucleotides by exchanging
ATP for ADP in and out of the mitochondrial matrix;
SLC25A4 (ANT1) is the heart and skeletal muscle specific
isoform. The mitochondrial phosphate carrier SLC25A3
transports inorganic phosphate into the mitochondrial
matrix. SUCLG1 and SUCLA2 encode the α- and β-subunits
of the Krebs cycle enzyme succinate-CoA ligase (SUCL).
Defects in these genes could lead to mtDNA depletion
through decreased activity of the mitochondrial nucleotide
diphosphate kinase (NDPK), which functions in the last step
of the mitochondrial dNTP salvage pathway and associates
with SUCL. The p53R2 subunit (encoded by RRM2B) of the
cytosolic enzyme ribonucleotide reductase is required for de
novo deoxyribonucleotide synthesis in nonproliferating cells,
thereby supplying dNTPs for nDNA repair and mtDNA
synthesis. Finally, the mitochondrial inner membrane
protein MPV17 is also involved in dNTP metabolism, with
defects causing mtDNA depletion; the exact function of
MPV17 remains to be elucidated, however. In addition
to disturbed homeostasis of mitochondrial dNTP pools,
mtDNA instability can naturally be caused by mutations in
genes aﬀecting mtDNA replication directly. Mutations have
been reported in POLG, POLG2, and C10orf2 (Twinkle),
with POLG being the most important contributor [13].
2.3. Transcription of mtDNA. Transcription originates from
three promoters: two H strand promoters (HSP1 and
HSP2) and one L strand promoter (LSP). The HSP1 and
LSP are located in the D-loop, whereas HSP2 is located
downstream of HSP1 close to the 5′ end of the 12S
rRNA gene. Transcription from both the HSP2 and LSP
generates polycistronic molecules covering nearly the entire
H or L strand, corresponding to 12 protein-coding genes,
14 tRNA genes and 2 rRNA genes (HSP2) or 1 protein-coding
gene and 8 tRNA genes (LSP). Additionally, transcription
from the LSP produces the RNA primers necessary for
initiating mtDNA replication of the H-strand. Transcripts
derived from HSP1, on the other hand, contain mainly
the 12S and 16S rRNAs. The basic human mitochondrial
transcription machinery consists of three components:
mtRNA polymerase (POLRMT), TFAM and either mito-
chondrial transcription factor B1 (TFB1M) or B2 (TFB2M).
Promoter recognition and transcription initiation require
the simultaneous presence of these three factors, however,
the precise contribution of each has not yet been fully
determined [44, 45]. Termination of transcription appears
to be regulated by multiple termination factors, but the
exact mechanism and all factors involved still need to be
elucidated [45, 46]. Termination sites have been identified
for transcription from HSP1 and HSP2; the two proteins
binding to the HSP2 termination site await identification.
Even though the mitochondrial transcription termination
factor MTERF1 (or MTERF) has been shown to bind the
HSP1 termination site (at the 3′ end of the 16S rRNA gene)
and be required for HSP1 transcription termination in vitro,
it seems to block L strand transcription more eﬀectively
than transcription from the H strand; the precise function of
the protein in vivo is unclear. Recently, MTERF1 was found
to be essential for transcription initiation in vitro, which
led to the hypothesis that MTERF1 regulates and promotes
transcription at HSP1 by forming a loop between the
MTERF1 initiation and termination binding sites. This way
it helps favor a higher synthesis rate of rRNAs compared to
mRNAs from the H strand. Furthermore, MTERF1 appears
to modulate mtDNA replication pausing; its dual role could
be important for coordination of replication and transcrip-
tion [47]. Three homologs of MTERF1 and thus potential
mitochondrial transcription termination factors have been
identified: MTERF2 (or MTERFD3 or MTERFL), MTERF3
(or MTERFD1) and MTERF4 (or MTERFD2) [48]. MTERF2
is proposed to regulate cell growth through modulation
of mitochondrial transcription [49]. MTERF2 shows the
opposite expression pattern in response to serum compared
to MTERF1, suggesting that they have divergent roles.
Additionally, MTERF2 was found to be present in nucleoids,
displaying non sequence-specific DNA-binding activity [50].
Contrastingly, Wenz et al. demonstrated specific binding of
MTERF2 to the HSP promoter region [51]. Furthermore,
MTERF2 knock-out resulted in decreased mitochondrial
transcription and mRNA levels. MTERF3, on the other hand,
has been shown in mouse in vivo and in human in vitro to
function as a negative regulator of transcription initiation
through interaction with the mtDNA promoter region [52].
Moreover, MTERF3 knock-down in Drosophila led to a
decreased rate of mitochondrial protein synthesis, possibly
through downregulation of TFB1M (see Section 3.3 for more
information on TFB1M’s function in translation) [46, 53]. In
summary, the current view is as follows: MTERF1 through 3
share a common binding site in the D-loop; both MTERF1
and 2 promote transcription initiation, whereas MTERF3
inhibits it; all three factors are needed to maintain optimal
transcript levels and thereby ensure proper functioning of
the OXPHOS system. The role of MTERF4 has not been
investigated in detail, however, it appears to bind mtDNA
in the D-loop region and form a stable homodimer with a
putative RNA methyltransferase [54].
Processing of the polycistronic primary transcripts is
thought to require four enzymes. The tRNA genes mark most
of the junctions between mitochondrial protein-coding and
rRNA genes. According to the tRNA punctuation model,
the secondary structures of the tRNA sequences provide the
signals for endonucleolytic excision of the tRNAs, yielding
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most of the tRNAs, mRNAs and rRNAs [55]. This initial
processing step is performed by the mitochondrial RNase
P (5′-end endonucleolytic cleavage) and tRNase Z (3′-end
cleavage) enzymes. Maturation of the excised tRNAs is
completed by addition of a CCA triplet to their 3′-end, which
is catalyzed by an ATP(CTP):tRNA nucleotidyltransferase.
After post-transcriptional modification and correct folding
of the tRNAs, the amino acid can be attached to the CCA
triplet by the corresponding aminoacyl-tRNA synthetase.
The tRNA acceptor stem and the anticodon play important
roles for the recognition of the tRNA by the appropriate
synthetase. During or immediately after cleavage of the
tRNAs, the rRNAs and mRNAs are polyadenylated by a mito-
chondrial poly(A) polymerase. This post-transcriptional
modification creates the stop codons for some mRNAs and
may also be necessary for stabilization of some RNAs (for a
review see Montoya et al. [56]). In this way, 9 monocistronic
and 2 dicistronic mRNA transcripts are formed. Another
important post-transcriptional process is RNA degradation,
which is required to control RNA levels and eliminate
processing by-products and aberrant transcripts [57]. Nev-
ertheless, the players involved and the exact mechanism have
yet to be revealed. SUV3 and polynucleotide phosphorylase
are possible candidates [58, 59].
Until now, no mutations causing mitochondrial disease
have been reported in genes coding for proteins involved
in mitochondrial transcription. Nonetheless, a mutation in
the MTERF1 binding site (in the tRNALeu(UUR) gene) is
associated with the mitochondrial disorder MELAS (mito-
chondrial myopathy, encephalopathy, lactic acidosis and
stroke-like episodes). This mutation reduces the binding
aﬃnity for MTERF1 and results in a drastic impairment of
transcription termination in vitro, however, in vivo the tran-
scription termination defect could not be confirmed [60, 61].
Furthermore, TFB1M modifies the phenotypic expression
of the deafness-associated 1555A>G mtDNA mutation (see
Section 3.3). Additionally, post-transcriptional modification
of tRNAs is disturbed in patients with mitochondrial
myopathy and sideroblastic anemia (MLASA) due to a
mutation in pseudouridylate synthase PUS1 [14, 17]. PUS1
converts uridine into pseudouridine in cytosolic as well
as mitochondrial tRNAs. Recently, mutations in TRMU, a
mitochondria-specific enzyme that is required for the 2-
thiolation on the wobble position of the tRNA anticodon,
were detected in patients with acute liver failure in infancy
[24]. Previously, TRMU was identified as another nuclear
modifier gene for the mitochondrial 12S rRNA mutation
1555A>G [62]; see Section 5.2 for more details on defects in
the latter two genes.
2.4. Import of nDNA Encoded Proteins. Most mitochondrial
proteins, including all proteins involved in mitochondrial
translation, are encoded in the nucleus and therefore have
to be transported to and imported into the mitochondrion.
Cytosolic chaperones, such as heat shock proteins Hsp70 and
Hsp90, guide the precursor proteins to translocation channel
receptors on the mitochondrial surface, keep the proteins
unfolded to prevent aggregation and enable entrance into
the translocation channels. Alternatively, preproteins seem
also to be imported into mitochondria in a co-translational
manner [63–67]. These proteins, produced on ribosomes
bound to the outer mitochondrial membrane, are almost
exclusively of prokaryotic origin [68, 69]. The cytoplasmic
and mitochondrial translation machineries are suggested to
be localized in close proximity on either side of the mito-
chondrial membranes, thereby allowing eﬃcient assembly of
the OXPHOS system [70]. Import and sorting of nDNA-
encoded proteins into mitochondria is achieved by translo-
cases in the outer and inner mitochondrial membrane [71,
72]. The translocase of the outer mitochondrial membrane
(TOM complex) forms the entrance for basically all nuclear-
encoded mitochondrial proteins. After passing through the
TOM complex, the preproteins can follow various routes
depending on their targeting signals: (1) outer membrane
proteins are integrated into the membrane by the sorting and
assembly machinery (SAM complex); (2) translocation to the
intermembrane space is mediated by the TIM23 complex
(translocase of the inner mitochondrial membrane) or by
components in the intermembrane space; (3) matrix proteins
reach their destination through the TIM23 channel; (4)
for inner membrane proteins there are three pathways, (a)
insertion by the TIM22 complex, (b) lateral integration after
arrest at the TIM23 complex, and (c) import into the matrix
via TIM23 followed by export to the inner membrane (see
Section 4.2 for more information on the export to the inner
membrane). After translocation, mitochondrial targeting
sequences are removed proteolytically and the proteins fold
into their functional structures.
Two syndromes have been related to defects in mito-
chondrial import. Mutations in the gene for the translocase
subunit TIMM8A (or DDP1) have been reported to result
in the deafness dystonia syndrome or Mohr-Tranebjaerg syn-
drome (MTS) [73, 74]. TIMM8A is part of a small alternative
TIM complex that is involved in the import of TIMM23, an
essential constituent of the TIM23 complex, and a few other
proteins [71]. Remarkably, no impairment of the OXPHOS
system has been observed [73, 75]. The exact mechanism
by which TIMM8A mutations aﬀect mitochondrial function
remains to be clarified. Dilated cardiomyopathy with ataxia
(DCMA) is caused by a mutation in DNAJC19, which is
thought to be a homolog of yeast Tim14 [76]. Tim14 is an
essential component of the TIM23 complex [77], suggesting
that the underlying disease mechanism is defective import of
nDNA-encoded proteins into the mitochondrion. However,
this has not been verified yet.
3. Mitochondrial Translation
Although most of the proteins present in mitochondria are
encoded by the nDNA, a few are encoded by the mtDNA and
are synthesized by the separate mitochondrial translation
system. The human mitochondrial genome codes for 22
tRNAs, 2 rRNAs and 13 polypeptide subunits of the enzyme
complexes I, III, IV, and V [26]. Whereas the components
and mechanisms of translation are well characterized for
bacterial and eukaryotic cytoplasmic systems, far less is
known about mitochondrial protein synthesis due to the lack
of a proper in vitro mitochondrial translation system. For
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a review on mammalian mitochondrial protein synthesis,
insertion and disorders associated with these processes see
Pe´rez-Martı´nez et al. [78].
The mitochondrial translation more closely resembles
its prokaryotic than its eukaryotic cytoplasmic counterpart.
However, the protein-synthesizing system of mitochondria
has a number of interesting characteristics not observed in
prokaryotes or the eukaryotic cell cytoplasm. First of all,
mitochondria use a genetic code that has several distinct
diﬀerences from the universal code [79]. For example,
human mitochondria use the universal arginine codons AGG
and AGA, in addition to UAA and UAG, for termination.
Furthermore, UGA serves as a codon for tryptophan rather
than as a stop codon. Additionally, AUA has been reassigned
to Met rather than serving as an Ile codon. Secondly, also the
mitochondrial mRNAs have unusual features: they contain
no or very few 5′ untranslated nucleotides [80], are uncapped
[81], and contain a poly(A) tail that immediately follows or
even forms part of the stop codon [55]. The small subunit of
mitochondrial ribosomes (mitoribosomes) appears to bind
these mRNAs tightly in a sequence-independent manner and
in the absence of initiation factors or initiation tRNA [82],
unlike the prokaryotic [83] and eukaryotic cytoplasmic [84]
systems. Thirdly, mitochondria use a simplified decoding
mechanism that allows translation of all codons with only
22 tRNAs instead of the 31 predicted by Crick’s wobble
hypothesis [26, 85]. Fourthly, mammalian mitochondria use
a single tRNAMet for both the initiation and elongation
phases (depending on the presence or absence of a formyl
group, resp.), whereas not only in the prokaryotic and
eukaryotic cytoplasmic translation systems but also in the
mitochondria of most lower eukaryotes two specialized
tRNAMet species exist [86].
In this section, we will cover in subsequent paragraphs
the components of the protein synthesis machinery, the
translation process steps, its regulation, and additional roles
of mitochondrial translation proteins outside the translation
process.
3.1. The Mitochondrial Translation Machinery. The basic
mitochondrial translation machinery comprises mtDNA-
encoded rRNAs and tRNAs as well as many proteins coded
for by the nuclear genome: (1) initiation, elongation and
termination translation factors; (2) mitochondrial ribosomal
proteins (MRPs); (3) mitochondrial aminoacyl-tRNA syn-
thetases and methionyl-tRNA transformylase. These compo-
nents will be described in more detail successively.
First of all, the translation factors. The exact functions
of the mitochondrial translation factors will be discussed
in Section 3.2. Bacterial translation initiation involves three
factors: IF1, IF2, and IF3. Whereas IF1 and IF2 are considered
to be universal and essential initiation factors, IF3 orthologs
have not been found in archaea or the cytoplasm of eukary-
otes [87, 88]. Surprisingly, the mitochondrial translation
machinery consists of two initiation factors orthologous to
prokaryotic IF2 [89] and IF3 [90] and despite extensive
searches, no IF1 ortholog has been detected [91]. Recently,
mitochondrial IF2 (mtIF2) was demonstrated to perform
functions of both bacterial IF1 and IF2; a conserved 37 amino
acid insertion in mtIF2 seems to have assumed the role of IF1,
facilitating the bond between mtIF2 and the mitoribosome
and the formation of the initiation complex [92]. All three
prokaryotic elongation factors have also been found in
human mitochondria: mtEFTu, mtEFTs, and mtEFG [93–
95]. In contrast to most bacteria, which have merely one
EFG protein that acts during both the elongation and
termination phases of the translation process, mitochondria
contain two EFG homologs, mtEFG1 and mtEFG2 [93],
that are 35% identical [91]. The importance of mtEFG1 for
mitochondrial protein synthesis has been demonstrated by
mtEFG1 defects in patients with a mitochondrial disorder
[15, 22, 25] and its translocation activity was shown in
vitro [96]. Even though expression levels of mtEFG2 are
greatest in skeletal muscle, heart and liver [93], three
tissues with high metabolic energy rates, the functional
significance of mtEFG2 for mitochondrial translation is not
entirely clear. Notably, deletion of the mtEFG2 ortholog
in yeast (MEF2) does not lead to impaired mitochondrial
protein synthesis and respiratory defects, as is the case
for MEF1, the mtEFG1 yeast ortholog [97]. Moreover,
complementation of mtEFG1 defects through overexpression
of mtEFG2 could not be attained [15, 25], indicating that
mtEFG2 might not play a role in the translocation step of
mitochondrial translation. This was recently confirmed by
Tsuboi et al., who demonstrated that mtEFG1 specifically
catalyzes translocation, whereas mtEFG2 has an essential
function in ribosome recycling and lacks translocation
activity [98]. Thus the dual role of prokaryotic EFG is
distributed between mtEFG1 and mtEFG2. Bacteria contain
four factors responsible for translation termination: the three
release factors RF1-3 and the ribosome recycling factor RRF
[99]. The release factors are divided into two classes, with
class I factors (RF1 and RF2) promoting codon-specific
hydrolysis of peptidyl-tRNA and class II factors (RF3) lacking
specificity but stimulating the activity of class I factors and
their dissociation from the ribosome. Bacteria utilize three
stop codons; both class I release factors recognize UAA,
whereas UAG and UGA are decoded only by RF1 or RF2,
respectively. In the eukaryotic cytosol, two release factors,
RF1 and RF3 orthologs, are required for the termination
step with just one class I factor recognizing all three stop
codons [100]. A factor equivalent to bacterial RRF appears
to be absent. The termination process in mitochondria, on
the other hand, has not yet been fully elucidated. Two release
factors, mtRF1 and mtRF1a (or HMRF1L), and a recycling
factor (mtRRF) have been identified and partly characterized
[101–104]. Being involved in ribosome recycling instead
of the elongation phase, mtEFG2 should be added to this
list and be renamed mtRRF2 [96]. MtRF1 was proposed
to be a member of the class I release factors based on
bioinformatic analyses [103], but recently this factor failed to
exhibit release factor activity in vitro and in vivo [101, 102].
Nonetheless, the newly identified release factor mtRF1a was
shown to terminate translation at UAA and UAG codons,
analogous to bacterial RF1. Thus the question whether a
mitochondrial release factor exists that recognizes the other
two mitochondrial stop codons, AGG and AGA, which are
found in just two of the mitochondrial transcripts, remains
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unresolved. The fact that release activity was not observed
for mtRF1 could be attributed to the use of bacterial and
yeast systems that naturally do not terminate with these
codons [102]. Therefore, the possibility remains that mtRF1
is indeed a mitochondrial release factor. Alternatively, AGA
and AGG might not be used as stop codons since there is
no experimental data supporting this and remarkably, in rat
and mouse mitochondria the codons AGA and AGG are
unassigned and UAA appears to be the single stop codon
utilized [105, 106]. The terminal AGA and AGG codons
could be edited posttranscriptionally, creating UAG stop
codons, which could then be decoded by mtRF1a [101].
Whether mitochondria contain a class II factor equivalent to
bacterial RF3 is unclear.
Secondly, the mitoribosomes that are made up of rRNAs
and MRPs and comprise two subunits, the small (SSU
or 28S) and the large (LSU or 39S) subunit. The human
mitoribosome consists of 2 rRNAs (12S and 16S) and around
81 MRPs [107]. Mammalian mitoribosomes diﬀer markedly
from bacterial, cytosolic and even from other mitochondrial
ribosomes [108]. They lack nearly half the rRNA present
in bacterial ribosomes, resulting in a sedimentation coeﬃ-
cient of 55S compared with 70S in bacteria. Nevertheless,
mitoribosomes contain a correspondingly higher protein
content due to enlargement of proteins and recruitment of
numerous extra proteins, causing a greater molecular mass
and size than bacterial ribosomes. Most of these enlarged
and supernumerary proteins do not seem to compensate for
the missing rRNA segments since they occupy new positions
in the mitoribosome [109], suggesting that they perform
mitochondria-specific functions.
Third, the mitochondrial tRNAs. In general, human
mitochondrial tRNAs deviate from the canonical tRNAs, but
still fold into mostly classical cloverleaf secondary struc-
tures and presumably also into L-shaped tertiary structures
[110]. Mitochondrial tRNAs are shorter than bacterial or
eukaryotic cytoplasmic tRNAs, have large variations in the
size of the D- and T-loops, and lack multiple conserved
nucleotides that are involved in classical tertiary interactions
creating the L-shape, which possibly results in a weaker
tertiary structure. Post-transcriptional base modification
appears to be more important for the proper tertiary struc-
ture and functioning of mitochondrial tRNAs compared
with cytosolic tRNAs [111]. Certain mitochondrial tRNAs
will consequently be completely non-functional when they
lack the post-transcriptional modification resulting in an
aberrant structure [112]. Furthermore, modifications can
improve tRNA specificity and its recognition by mRNA
codons and to a lesser extent by aminoacyl-tRNA synthetases
[113, 114]. In total, 19 mitochondrial aminoacyl-tRNA
synthetases have been identified, of which two are encoded
by the same gene as the cytosolic enzyme [115]. Only the
gene for mitochondrial glutaminyl-tRNA synthetase has not
been found yet. After aminoacylation, the tRNAMet needs to
be formylated by methionyl-tRNA transformylase to initiate
mitochondrial translation.
Although the core components of the mitochondrial
translation machinery have been identified, many more
factors are likely to be involved, directly or indirectly, and
have yet to be discovered. Recently, Davies et al. showed
that pentatricopeptide repeat domain protein 3 (PTCD3)
associates with the mitoribosomal SSU and is necessary for
mitochondrial protein synthesis [116]. The precise function
of PTCD3 remains to be clarified, however.
3.2. The Mitochondrial Translation Process. The basic model
of protein synthesis is derived from studies in bacteria
(see [87, 99, 117] for reviews on the processes involved in
protein synthesis). Our understanding of the mechanisms
of mitochondrial translation is based on this model and
additional studies in mitochondria.
Protein synthesis is divided into three phases: initiation,
elongation and termination. The exact starting mechanism
of the translation process in mitochondria is poorly under-
stood. Due to the unusual characteristics of mitochondrial
mRNAs, neither the Shine-Dalgarno sequence observed in
prokaryotes nor the 7-methylguanlyate cap structure found
in the eukaryotic cell cytoplasm can facilitate ribosome
binding and direct the ribosome to the start codon. It
is thought that the mRNA entry gate on the SSU of the
mitoribosome has evolved in such way that it recognizes
the unique mitochondrial mRNAs with their unstructured
5′ sequences [109, 118]. Many questions remain concerning
the precise sequence of events during the initiation phase in
mammalian mitochondria. In the current model, mitochon-
drial translation factor mtIF3 catalyzes the dissociation of the
mitoribosome into its two component subunits (Figure 2,
step 1), which may be an active rather than a passive process,
thereby permitting the assembly of the initiation complex
while preventing premature binding of the LSU [90, 119].
Possibly, complete subunit dissociation is not essential for
initiation of translation, however, the subunit interface must
become accessible for fMet-tRNAMet and mRNA binding. It
has been postulated that the first step in initiation complex
formation is sequence-independent binding of mRNA to
the SSU (Figure 2, step 2) [82, 120]. MtIF3 is thought to
assist the mRNA to bind the SSU so that the start codon
(AUG) is correctly positioned at the peptidyl (P) site of
the mitoribosome. Both fMet-tRNA and mtIF2 can bind
weakly to the SSU in the absence of mRNA and mtIF3 is
hypothesized to prevent or correct the premature binding
of these components [119]. The binding of fMet-tRNAMet
to the SSU requires mtIF2, which is markedly enhanced
by GTP (Figure 2, step 3) [121, 122]. Recombining of the
LSU with the SSU (Figure 2, step 4) probably stimulates the
dissociation of mtIF3 (Figure 2, step 5) [123]. Additionally,
GTP hydrolysis on mtIF2 is triggered by the LSU, leading to
its release from the complex (Figure 2, step 6). The initiation
phase is now complete and translation can proceed with the
elongation phase.
The basic steps in the elongation phase are the same
in bacteria and mitochondria, however, the equilibrium
dissociation constants for interactions between mtEFTu and
its ligands diﬀer considerably between the prokaryotic and
mitochondrial systems [124, 125]. The relative ratios of the
elongation factors are important for eﬃcient translation
[21, 25, 126]. These ratios diﬀer between tissues and can be
adapted in response to dysfunction of one of the elongation
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Figure 2: Diagram of human mitochondrial protein synthesis. The three phases of mitochondrial translation—initiation, elongation and
termination—and all translation factors involved are represented in this figure. See Section 3.2 in the text for a detailed description of all
steps (numbered in boxes) of the mitochondrial translation process. Initiation, elongation and termination factors are represented by green,
purple and red ovals, respectively. GTP and GDP are shown in yellow and beige circles, respectively.
factors [25]. Elongation factor mtEFTu forms a ternary
complex with GTP and an aminoacylated tRNA (Figure 2,
step 7). It is proposed to be critical for translational accuracy
through surveillance of aminoacyl-tRNAs for misacylation
[127]. MtEFTu protects the tRNA from hydrolysis and, after a
proofreading step, carries it to the mitoribosomal aminoacyl
or acceptor (A) site for the decoding of mRNA by codon-
anticodon interactions on the SSU (Figure 2, step 10). When
the codon-anticodon recognition occurs, GTP hydrolysis on
mtEFTu is stimulated by the mitoribosome, resulting in the
release of mtEFTu·GDP (Figure 2, step 8). The nucleotide
exchange protein mtEFTs converts mtEFTu·GDP in active
mtEFTu·GTP (Figure 2, step 9). Following the release from
mtEFTu, the 3′ end of the aminoacyl-tRNA moves into
the peptidyl transferase center of the LSU where peptide
bond formation is catalyzed, adding one amino acid to
the growing peptide (Figure 2, step 11). The elongation
factor mtEFG1 with bound GTP catalyzes the translocation
step by conformational changes in both mtEFG1 and the
mitoribosome, during which the A and P site tRNAs move
to the P and exit (E) sites of the mitoribosome and mRNA
is advanced by one codon (Figure 2, step 12). Subsequently,
the tRNA leaves the mitoribosome via the E site (Figure 2,
step 13) and a new elongation cycle can start (Figure 2,
step 14). Whether the mitoribosome contains an actual E
site is uncertain. The bovine mitoribosomal structure and a
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comparative analysis of ribosome sequences revealed that the
mitoribosomal E site deviates substantially from the prokary-
otic and eukaryotic cytosolic situations [109, 128, 129].
Based on these findings, the E site has been suggested to be
very weak or even absent in the mitoribosome. Moreover, the
mitoribosomal polypeptide exit tunnel is markedly diﬀerent,
allowing premature exposure of the nascent polypeptide to
the mitochondrial matrix or membrane before reaching the
conventional exit site [109]. Whether all or some nascent
polypeptide chains emerge prematurely from the peculiar
mitoribosomal exit tunnel is currently unknown.
The third and last step in protein synthesis, termination,
begins when a stop codon (UAA, UAG, AGA or AGG) is
encountered in the A site. A mitochondrial release factor,
mtRF1a or possibly also mtRF1 or an as yet unidentified
protein, recognizes the stop codon (Figure 2, step 15) and
causes the protein that is attached to the last tRNA molecule
in the P site to be released (Figure 2, step 16). The ester bond
between the tRNA and the nascent polypeptide is hydrolyzed,
presumably by the peptidyl transferase center on the LSU
triggered by the release factor, and this process is catalyzed
by GTP. After release of the newly synthesized protein,
mtRRF and mtEFG2·GTP together enable the mitoriboso-
mal subunits, tRNA and mRNA to dissociate from each other
(Figure 2, step 17), making the components available for a
new round of protein synthesis. GTP hydrolysis is required
for the release of mtRRF and mtEFG2·GDP from the LSU
(Figure 2, step 18) [96].
3.3. Regulation of Mitochondrial Translation. In yeast, nuc-
lear-encoded, gene-specific activation factors are required for
mitochondrial translation initiation [130, 131]. Currently,
translational activation factors have been found for (nearly)
all eight yeast mtDNA-encoded proteins and synthesis of
some proteins, for example, Cox3, depends on multiple
activation factors [130–132]. These activators bind to the
5′ untranslated leader (5′-UTL) sequences of the mRNA,
probably to assist in positioning the mitoribosomes over
the initiation codon. All translational activator proteins
studied so far are integral membrane proteins or bound
to the mitochondrial inner membrane, suggesting that they
are also involved in tethering mitochondrial translation
to the inner membrane. This way they can promote co-
translational insertion of newly synthesized proteins and
subsequent assembly into the OXPHOS complexes. Thus the
yeast mitochondrial translational activators regulate not only
the levels of mitochondrially synthesized gene products, but
also the location of mitochondrial translation.
The mechanisms of human mitochondrial translation
regulation are poorly understood. Human mitochondrial
mRNAs lack 5′-UTL sequences and until recently no clear
evidence was found for the existence of mRNA-specific
translation activators, which suggests that modulation of
mitochondrial protein synthesis in humans involves other
strategies than in yeast [133]. Genome-wide linkage analysis
and chromosome transfer in a patient presenting with Leigh
syndrome due to an isolated complex IV deficiency resulted
in the identification of a human translational activator
of the complex IV subunit COXI: CCDC44 or TACO1
[134]. A homozygous base insertion, creating a premature
stop codon, led to severely decreased levels of TACO1 in
patient fibroblasts. Consequently, only a small amount of
COXI was synthesized despite normal concentrations of the
COXI transcript, compromising complex IV assembly and
activity. Remarkably, deletion of the TACO1 ortholog in yeast
produced no respiration or mitochondrial translation defect.
In contrast to the human situation, TACO1 is apparently not
essential for respiration in yeast.
Furthermore, another potential translational activator
for COXI has been identified in humans: a member of
the pentatricopeptide (PPR) family, leucine-rich PPR-motif
containing protein (LRPPRC, also known as LRP130). The
PPR motif has been found in proteins that interact with
RNA, such as POLRMT, which contains two PPR motifs
in the amino-terminal domain (ATD) [135]. LRPPRC has
been postulated to be a homolog of Pet309 [136], the
yeast mitochondrial translational activator for COX1 [137].
Mutations in LRPPRC lead to the neurodegenerative disorder
Leigh Syndrome French-Canadian type (LSFC), with a
deficiency of complex IV of the OXPHOS system [136].
LRPPRC appears to play a role in the translation and/or
stability of COXI and COXIII mRNAs, similar to yeast Pet309
[138]. In addition to its role as translational activator, Pet309
might be involved in coupling mitochondrial transcription to
translation through interaction with Nam1 [139], a protein
that is postulated to stabilize and direct mRNAs to the
mitochondrial inner membrane for translation [140] and
that binds to the ATD of yeast mtRNA polymerase [135].
LRPPRC has been suggested to function together with
heterogeneous nuclear ribonucleoprotein K (hnRNP K) and
POLRMT in coupling the mitochondrial transcription and
translation machineries in a manner analogous to the yeast
system [141]. However, the situation is more complex than
depicted here, encompassing additional proteins for which
homology between yeast and human has not been identified
yet. Moreover, LRPPRC binds not only mitochondrial but
also nuclear mRNAs, indicating that it could be involved
in coordinating nuclear and mitochondrial gene expression
[142].
Nolden et al. proposed a negative-feedback loop mecha-
nism for regulation of mitochondrial translation [143]. The
ATP-dependent m-AAA protease plays an important role in
quality control of mitochondrial inner membrane proteins.
One of the substrates of this enzyme is the ribosomal
protein MRPL32. Processing of MRPL32 by the m-AAA
protease results in a tight association of MRPL32 with the
inner membrane and allows completion of mitoribosome
assembly in close proximity to the inner membrane. Matu-
ration of MRPL32 seems to be required for mitochondrial
translation since synthesis of mtDNA-encoded proteins was
substantially impaired in cells lacking the m-AAA protease.
Regulation of translation via the m-AAA protease could for
instance take place when nuclear and mitochondrial gene
expression are unbalanced. Excess respiratory subunits and
other nonnative substrates of the m-AAA protease may then
accumulate and compete with MRPL32 for binding to the
protease. This will hamper MRPL32 processing, ribosome
assembly, and finally mitochondrial translation. Accordingly,
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the amount of respiratory subunits available to the m-
AAA protease decreases and MRPL32 processing increases
again. The importance of this regulation process has been
demonstrated by loss-of-function mutations in paraplegin,
a subunit of the human m-AAA protease, which result in
the neurodegenerative disorder hereditary spastic paraplegia
[144].
Possibly, TFB1M and TFB2M are involved in a retrograde
pathway regulating mitochondrial biogenesis and function
[145, 146]. Overexpression of TFB2M resulted in increased
TFB1M levels and consequently an increase in mitochondrial
biogenesis. In addition to their transcriptional stimulatory
activity, TFB1M and TFB2M have rRNA methyltransferase
activity. Thus these factors are indirectly involved in mito-
chondrial protein synthesis via their ability to methylate the
mitochondrial 12S rRNA, which is important for mitoribo-
some activity. TFB1M has been identified as a nuclear mod-
ifier of the 1555A>G mutation in the 12S rRNA gene that
causes nonsyndromic or aminoglycoside antibiotic-induced
deafness [147]. Presumably, altered or lack of methylation
due to malfunctioning TFB1M can diminish the eﬀect of the
1555A>G mutation on mitoribosome conformation. In vivo
studies in mice revealed that TFB1M is an essential rRNA
methyltransferase, needed for stability of the mitoribosomal
SSU, that does not directly modulate transcription, whereas
TFB2M is suggested to have transcriptional activation as its
primary function [148]. Therefore, diﬀerential expression
of these two factors could modulate not only transcription,
but also replication (via the transcription factor activity)
and translation (via the rRNA methyltransferase activity),
and in this manner ensure a balance between the amounts
of mitochondrial transcripts and fully assembled mitoribo-
somes [145, 148].
Mitochondria are under general nuclear control through
transcription factors, such as nuclear respiratory factors 1
and 2 (NRF-1 and -2) [149]. These factors coordinate the
expression of the nuclear and mitochondrial gene products
required for oxidative phosphorylation and other essential
mitochondrial functions. They act directly on nuclear genes
coding for OXPHOS subunits as well as various nuclear
genes encoding proteins involved in mtDNA replication,
mitochondrial transcription or translation, by which they
exert indirect control over expression of mitochondrial
genes. Transcription factor CREB (cAMP response element-
binding protein) promotes transcription of mitochondrial
(in addition to nuclear) genes after its import into the
mitochondrion directly [150].
3.4. Functions of the Mitochondrial Translation Machin-
ery beyond Translation. Initiation factor mtIF2 might be
involved in mitochondrial mRNA degradation and apopto-
sis. The endoribonuclease RNase L is an important player in
apoptosis induced by interferons (IFNs) [151]. After binding
its IFN-induced activator, RNase L degrades single-stranded
RNAs, leading to inhibition of protein synthesis. RNase L
was shown to interact with mtIF2 and thereby modulate
the stability of mitochondrial mRNAs, which appears to
be essential for IFNα-induced apoptosis [152]. RNase L
is brought into association with the mitochondrial mRNA
during their translation through interaction with mtIF2.
In the presence of IFNα, RNase L becomes activated and
degrades mRNA, which can eventually result in apoptosis.
An excess level of mtIF2 could hold RNase L away from
the mRNAs, preventing their degradation and thus also
inhibiting IFNα-induced apoptosis.
In addition to its function in the elongation phase of
the mitochondrial translation, mtEFTu has been reported
to act as a chaperone [153]. It plays a role in protein
quality control in mitochondria, as has been found for its
cytosolic and prokaryotic counterparts. MtEFTu interacts
with unfolded proteins, especially with misfolded, newly
synthesized polypeptides, and is hypothesized to recruit
these proteins to a mitochondrial protease complex for their
degradation. This protease complex presumably consists
of the homologs of the bacterial GroEL/ES (Hsp60 class)
chaperone and ClpA/ClpP protease systems, with which
EFTu can interact via the heat shock protein Hsp31 [154].
Recently, human mitochondrial ribosomal protein
MRPL12 was demonstrated to bind to POLRMT, which
enhances transcription [155]. Free MRPL12, that is,
MRPL12 not incorporated in the mitoribosome, appears to
interact with POLRMT and consequently might coordinate
the rate of mitochondrial transcription with the rate of
mitoribosomal biogenesis. When the import rate of MRPs
is exceeding the rate of mtDNA-encoded rRNA expression,
free MRPL12 will accumulate and associate with POLRMT.
Subsequently, the rate of mtDNA transcription increases,
which rebalances the system.
Furthermore mitochondrial ribosomal proteins MRPS29
and MRPS30 seem to be bifunctional proteins [156]. These
two proteins are the proapoptotic proteins death-associated
protein 3 (DAP3) and programmed cell death protein 9
(PDCD9 or p52), respectively. Whether MRPS29 and/or
MRPS30 are released from the mitoribosome and exported
to the cytosol during apoptosis or whether they carry out
their proapoptotic role while still associated with the mito-
ribosome is unknown. Possibly, inner membrane-associated
mitoribosomes aﬀect the mitochondrial permeability tra-
nsition pores via MRPS29 and MRPS30 and thereby induce
apoptosis.
4. Posttranslational Processes Required for
Functional OXPHOS Complexes
After translation has taken place, the mtDNA-encoded and
imported nDNA-encoded proteins need to be incorporated
into the inner membrane to form a functional OXPHOS
system. Mitochondria contain chaperones, proteases and
assembly factors for particular OXPHOS complexes to aid in
this process.
4.1. Quality Control by Chaperones and Proteases. The entire
chaperone system represents a mechanism for quality control
that determines the fate of all mitochondrial proteins: prote-
olytic degradation or folding and assembly. Chaperones from
the Hsp60 and Hsp70 class bind to and stabilize (partially)
unfolded or newly synthesized or imported proteins, thereby
preventing their aggregation and facilitating their proper
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folding [157]. Hsp100/Clp family chaperones are involved
in the re-solubilization of protein aggregates and unfolding
of misfolded proteins, resulting in either refolding by other
chaperones or degradation by proteases. Excess or non-
native proteins are degraded into peptides by ATP-dependent
proteases and subsequently into amino acids by oligopep-
tidases [158]. Mammalian mitochondria have three major
ATP-dependent proteases: Lon, Clp-like, and other AAA pro-
teases. Both Lon protease and proteins from the Clp family
are located in the matrix and contain proteolytic as well as
chaperone activities. Two membrane-bound ATP-dependent
AAA-proteases, active on the intermembrane space side (i-
AAA) or on the matrix side (m-AAA), are responsible for
quality control of inner membrane proteins. Additionally,
as mentioned in Section 3.3, they regulate mitochondrial
biogenesis through selective processing of mitochondrial
proteins, for example, MRPL32. The significance of these
AAA proteases is demonstrated by the severe defects due to
dysfunction of one of the AAA proteases found in several
species. The prohibitin complex, consisting of Phb1 and
Phb2 and also located in the inner membrane, is thought to
act as a chaperone that stabilizes mitochondrially synthesized
OXPHOS subunits against degradation by AAA proteases
[159, 160]. While the exact functions of the prohibitin
complex remain poorly understood, its role in mitochon-
drial biogenesis and metabolism has been corroborated by
numerous findings, such as diﬀerent prohibitin expression
levels depending on metabolic demand and lack of prohibitin
leading to reduced mitochondrial membrane potential and
instability of mtDNA-encoded OXPHOS subunits [160].
4.2. Protein Insertion into the Inner Membrane. A subset of
mitochondrial inner membrane proteins that are synthesized
in the cytosol are imported into the mitochondrial matrix
prior to their export to the inner membrane; all other
nuclear-encoded proteins are integrated directly into the
inner membrane during import into the mitochondrion
(also see Section 2.4). All proteins synthesized by the human
mitochondrial translation system are destined for the inner
membrane and become inserted through the same export
machinery as used by nDNA-encoded proteins. At least
half of the mitoribosomes are associated with the inner
membrane [161] and it has been proposed that only
membrane-bound mitoribosomes are translationally active
[143]. It appears that mitochondrial gene products become
inserted into the inner membrane as they are undergoing
synthesis on mitoribosomes, that is, in a co-translational
fashion [162–166]. However, the relative contributions of co-
and post-translational insertion and the exact mechanisms
are unknown. The inner membrane protein Oxa1 plays
an important role in insertion of both mitochondrial- and
nuclear-encoded proteins from the mitochondrial matrix
into the inner membrane [167, 168]. Recently, the inter-
action of Oxa1 with the mitoribosome was concluded
to involve at least the two yeast LSU proteins Mrp20
and Mrpl40, orthologs of bacterial ribosomal proteins
L23 and L24 respectively, which are located close to the
polypeptide exit tunnel [169, 170]. Furthermore, mitoribo-
somal protein MRPL45 was postulated to function in the
co-translational insertion of mtDNA-encoded proteins into
the inner membrane [107]. The yeast ortholog of MRPL45,
Mba1, associates with the inner membrane and is involved
in protein insertion into the membrane in a concerted
action with Oxa1, possibly by positioning the mitoribosomal
exit tunnel at the right location for insertion [164, 171].
Nonetheless, mitoribosomes remain partially anchored to
the mitochondrial inner membrane in absence of MRPL45
and Oxa1, indicating that additional factors are involved
in the membrane association [164]. One of these fac-
tors could be LETM1, leucine zipper EF-hand-containing
transmembrane protein 1, located in the chromosomal
region that is deleted in patients suﬀering from Wolf-
Hirschhorn syndrome [172]. It is the homolog of yeast inner
membrane protein Mdm38, which has been proposed to
function in an Oxa1-independent transport pathway across
the inner membrane [173]. LETM1 was found to associate
with MRPL36 and could thereby anchor the mitoribosome
to the inner membrane [174]. Overexpression of LETM1
resulted in inhibition of mitochondrial biogenesis and ATP
production. Conversely, LETM1 knockdown caused mito-
chondrial swelling, loss of tubular networks and disassembly
of OXPHOS complexes I, III, and IV [175]. Much of the exact
functions of LETM1 remain to be clarified, however, such as
its role in cell viability and tumorigenesis, in addition to its
potential interaction with the mitoribosome [174–176].
Coupling mitochondrial protein synthesis to insertion of
the protein into the inner membrane will be advantageous
for the eﬃcient formation of OXPHOS complexes. As
mentioned previously, transcription seems to be coupled
to the translation system as well. A similar process called
transertion, the coupled transcription-translation-insertion
of proteins into and through membranes, is found in
bacteria [177, 178]. Linking of these processes generates
hyperstructures, which are assemblies of diﬀerent types
of (macro)molecules that form an organizational level
intermediate between genes/proteins and whole cells [179].
Thus the mtDNA, transcription and translation machineries
may be dynamically connected to the inner membrane into
hyperstructures at assembly sites for the OXPHOS system.
4.3. Assembly of OXPHOS Complexes. Each OXPHOS com-
plex has a specific assembly pathway, which involves chap-
erones that are not part of the functional complex but are
implicated in its formation: the assembly factors. Up till
now, 22 assembly factors have been identified and the list
is still growing (see [180] for an overview, including defects
in assembly): eleven for complex I (NDUFA12L or B17.2L
[181], NDUFAF1 or CIA30 [182], NDUFAF2 [181, 183],
NDUFAF3 or C3ORF60 [184], NDUFAF4 or C6ORF66
[185], Ecsit [186], C8ORF38 [187], C20ORF7 [188, 189],
and possibly the CIA84 ortholog PTCD1 [190], AIF [191]
and IND1 [192]), one for complex II (SDHAF1 [193]), one
for complex III (BCS1L [194]), six for complex IV (SURF1,
COX10, COX15, SCO1, SCO2, and supposedly LRPPRC
[138, 195]), and four for complex V (ATP11, ATP12 [196],
and possibly ATP23 [197] and OXA1L [198]). Naturally,
structural proteins can have additional functions in the
assembly of the particular OXPHOS complex.
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The organization of the OXPHOS system is more intri-
cate than separately assembled complexes that are arranged
in sequence in the inner mitochondrial membrane. Two
models for the organization of the mitochondrial respiratory
chain have been proposed: (1) the “fluid-state” or “random
collision” model, which has been the preferred description,
where all OXPHOS complexes diﬀuse individually in the
membrane and electron transfer depends on the random
collision of the complexes and electron carriers; (2) the
“solid-state” model, which was proposed over 50 years
ago and has recently received more attention, where the
complexes together form large supramolecular structures
termed supercomplexes or respirasomes [199, 200]. The
most plausible scenario, however, is a combination of these
two models: the “plasticity” model [201]. In this model,
single complexes (“fluid-state” model) and diﬀerent types
of supercomplexes (“solid-state” model) coexist in the inner
membrane. Complex I, for instance, is mainly found in
association with complex III in various supercomplexes that
additionally contain the electron carriers coenzyme Q and
cytochrome c, complex IV, and sometimes complex II or
V, and are able to respire. On the other hand, most of the
complexes II and IV are present as individual entities. How
the supercomplexes are assembled is currently not known,
but the significance of this arrangement for the stability of
the diﬀerent complexes is certain. This is emphasized by the
finding that primary defects in, for example, complex III
can lead to secondary instability of another complex, such
as complex I, through improper supercomplex formation
[202]. More often, though, a mutation results merely in
an isolated deficiency of the particular complex. Recently,
defects in Tafazzin, a protein required for the metabolism of
the inner membrane phospholipid cardiolipin, was shown
to aﬀect complex I/III2/IV supercomplex stability [203].
The cardiolipin deficiency resulted in weakened interactions
between complexes I, III, and IV, unstable supercomplexes,
and decreased levels and activities of the complexes them-
selves, ultimately causing Barth syndrome. Thus combined
OXPHOS deficiencies can also be caused by defects in the
assembly of supercomplexes.
For proper assembly of the OXPHOS system, mitochon-
drial fusion and fission events are crucial since they control
mitochondrial morphology and thereby also mitochondrial
function. Disruption of fusion or fission primarily aﬀects two
key functions of mitochondria: respiration and regulation
of apoptosis [204, 205]. Defects in fusion proteins MFN2
(mitofusin 2) and OPA1 (optic atrophy 1), for instance,
cause a reduction in membrane potential and OXPHOS
enzyme activities and are associated with the neurodegener-
ative diseases Charcot-Marie-Tooth type 2A and dominant
optic atrophy, respectively. Additionally, down-regulating
the expression of DNML1 (dynamin 1-like, also called
DRP1 or DLP1), a protein involved in mitochondrial and
peroxisomal fission, led to loss of mtDNA and a decrease
in mitochondrial respiration [206]. In a patient with a
DNML1 deficiency, however, no mitochondrial morphology
abnormalities or impairment in respiratory function could
be detected, despite elevated lactate levels [206, 207].
5. Mutations That Impair Mitochondrial
Translation and Result in Mitochondrial
Disorders
Given the multitude of proteins and complexity of the
processes that are required for a properly functioning
OXPHOS system, it is not surprising that in many patients
with a mitochondrial disorder the underlying molecular
genetic defect has not yet been identified. Nonetheless,
since the discovery of the first mtDNA mutations associated
with mitochondrial disorders in 1988 [208, 209], numerous
mutations in mtDNA and nDNA have been reported and
the list is still expanding (for an overview see e.g., [43]).
In each of the previous sections we have briefly mentioned
the relevant genes implicated in mitochondrial disorders,
with the exception of genes of the mitochondrial translation
process. Here we will discuss in more detail the mutations
found in this class of genes. Table 1 gives an overview of the
genes implicated in combined OXPHOS deficiencies. These
genes are also depicted in Figure 1.
5.1. MtDNA Mutations. As already stated in the introduc-
tion, the majority of mutations associated with combined
OXPHOS deficiencies and a mitochondrial translation defect
are located in the mitochondrial genome. Approximately
150 mutations, of which a large percentage awaits proper
determination of their pathological significance (see [210]
for a scoring system), have been reported in mitochondrial
tRNA genes and a few in rRNA genes [12]. It is beyond
the scope of this review to discuss these mutations in
detail; overviews of mitochondrial tRNA mutations and their
molecular and clinical consequences have been published
before [210–212].
The tRNALeu(UUR) gene forms a hotspot for pathogenic
mutations with nearly 30 diﬀerent mutations, but in all tRNA
genes, mutations have been detected now. A pathogenic
tRNA gene mutation is expected to lead to a combined
OXPHOS defect through a decreased rate of mitochondrial
protein synthesis. The exact complexes that show a deficiency
diﬀer for each mutation, partly depending on which tRNA
is aﬀected and the percentages of the corresponding amino
acid in the diﬀerent OXPHOS subunits. The pathogenic
mechanisms involved in the translation defect due to a
tRNA mutation are numerous and frequently multiple events
are involved; potential eﬀects are: impaired transcription
termination, impaired tRNA maturation, defective post-
transcriptional modification of the tRNA, eﬀect on tRNA
structure (e.g., global structural weakness or conformational
alteration), decreased tRNA stability (found for all mutations
investigated), reduced aminoacylation, decreased binding
to translation factor mtEFTu or the mitoribosome, and
disturbed codon reading [211]. However, cases are known
where mitochondrial translation was not or only slightly
aﬀected despite clear impairment of the OXPHOS system
(e.g., [220, 221]). Possibly, this is due to toxic eﬀects of
premature translation products generated by the absence
of the correctly functioning tRNA [222]. These peptides
could interfere with the assembly of the OXPHOS complexes
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Table 1: Genes involved in the biogenesis or maintenance of multiple OXPHOS complexes and implicated in mitochondrial disorders.
Aﬀected process Gene Protein (function) References
Combined OXPHOS deficiencies with normal
complex II activities a
MtDNA replication
POLG Polymerase γ catalytic subunit [13, 213]
POLG2 Polymerase γ accessory subunit [13, 214]
C10orf2 Twinkle (mtDNA helicase) [13]
Nucleotide synthesis and transport
DGUOK Deoxyguanosine kinase [13]
TK2 Thymidine kinase 2 [13]
TYMP Endothelial cell growth factor 1 (thymidine
phosphorylase)
[13]
SLC25A4 Adenine nucleotide translocator 1 [13]
SLC25A3 Solute carrier family 25 member 3 (phosphate
transporter)
[43, 215]c
SUCLG1 Succinate-CoA ligase α -subunit [43, 216]
SUCLA2 Succinate-CoA ligase β-subunit [13, 216]
RRM2B Ribonucleotide reductase M2 B [13, 217]
MPV17 Mt inner membrane protein [13]
Mt translation
22 mitochondrial tRNA genes [12]
2 mitochondrial rRNA genes [12]
GFM1 Mt translation elongation factor G1 [15]
TSFM Mt translation elongation factor Ts [21]
TUFM Mt translation elongation factor Tu [22]
MRPS16 Mt ribosomal protein S16 [18]
MRPS22 Mt ribosomal protein S22 [19]
PUS1 Pseudouridine synthase 1 [14]
TRMU tRNA 5-methylaminomethyl-2-thiouridylate
methyltransferase
[24]
DARS2 Mt aspartyl-tRNA synthetase 2 [20]c
RARS2 Mt arginyl-tRNA synthetase 2 [16]
Other combined OXPHOS deficiencies b
Mt protein import
TIMM8A Translocase of inner mt membrane 8 homolog
A (small TIM complex subunit)
[74]c
DNAJC19 DnaJ homolog, subfamily C, member 19
(TIM23 complex subunit)
[76]
Mt membrane biogenesis and maintenance
TAZ Tafazzin (cardiolipin metabolism) [203, 218]
OPA1 Optic atrophy 1 (mt fusion) [205]
MFN2 Mitofusin 2 (mt fusion) [205]
DNM1L Dynamin 1-like (mt and peroxisomal fission) [207]c
Mt protein processing and quality control SPG7
Spastic paraplegia 7 or paraplegin (m-AAA
protease subunit)
[144, 219]
aBased on the function of the aﬀected proteins, a combined complex I, III, IV and V deficiency would be expected, however, not always do all these enzyme
complexes display decreased activities.
bAll OXPHOS complexes are expected to malfunction based on the function of the aﬀected proteins; nonetheless, large variations have been found in the
exact OXPHOS complexes involved.
cThe OXPHOS complexes showed normal activities.
or exert their toxic eﬀect through interactions with other
(non)mitochondrial components, while a quantitative deficit
in mitochondrial protein synthesis cannot be detected.
The best-studied mitochondrial tRNA mutations are
3243A>G in tRNALeu(UUR) (MT-TL1) and 8344A>G in
tRNALys (MT-TK). The 3243A>G mutation is one of the
most common mutations and causes a range of clinical
phenotypes, of which MELAS is the most prevalent [223].
There is controversy over the pathogenic mechanism of
the 3243A>G mutation: both loss-of-function (due to poor
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aminoacylation, reduced stability or lack of wobble-base U
hypermodification) and gain-of-function (due to lack of the
hypermodification) of the mutant tRNA have been proposed
[224]. The post-transcriptional taurine modification at the
anticodon wobble position is needed to restrict decoding
to leucine UUR codons. Loss of this modification leads to
varying degrees of mitochondrial translation malfunctioning
in diﬀerent cellular backgrounds through a combination
of a decoding defect of UUG (and UUA) codons (loss-
of-function) and amino acid misincorporation (gain-of-
function) [126, 225]. Additionally, the 3243A>G mutation
was shown to diminish 16S rRNA transcription termination
and alter processing of the primary transcript [61, 226],
but these eﬀects are likely to contribute less to the disease
etiology than the previously mentioned mechanisms. The
8344A>G mutation is associated with MERRF (myoclonic
epilepsy with ragged-red fibers). It has also been reported
to aﬀect aminoacylation and taurine modification of the
wobble-base U, the latter which abolishes codon-anticodon
pairing on the mitoribosomes for both tRNALys codons [225,
227]. This generates a marked decrease in mitochondrial
protein synthesis that is most pronounced in proteins with a
high lysine content and is believed to result from premature
translation termination.
Most rRNA mutations have been reported in the
12S rRNA gene (MT-RNR1) and all of these are asso-
ciated with nonsyndromic sensorineural hearing loss or
aminoglycoside-induced deafness, with the 1555A>G muta-
tion forming one of the most common causes [12, 228].
This mutation is located in the decoding site of the mitori-
bosomal SSU and results in a secondary rRNA structure
that more closely resembles the corresponding region of
the bacterial 16S rRNA, impairing mitochondrial protein
synthesis and facilitating interaction with aminoglycoside
antibiotics, which again exacerbates the translation defect.
The mutation alone does not lead to disease, only in
combination with modulators such as the aminoglycosides,
mitochondrial haplotypes and nuclear modifier genes (e.g.,
TFB1M, as already mentioned in Section 3.3). In the 16S
rRNA gene (MT-RNR2) merely 3 mutations have been
found: 2835C>T, 3093C>G, and 3196G>A [12]. These
mutations are thought to be associated with Rett syndrome,
MELAS, and Alzheimer and Parkinson disease, respectively,
[229–231]. Nevertheless, further investigations are necessary
to determine their pathogenicity.
5.2. nDNA Mutations. Up till now, mutations in nine
nuclear genes implicated in mitochondrial protein synthesis
have been associated with mitochondrial disorders. The
first report was a homozygous missense mutation in the
tRNA modifying gene PUS1 [14], and shortly thereafter
homozygous mutations were detected in the genes for
elongation factor mtEFG1 [15] and mitoribosomal protein
MRPS16 [18]. Subsequently, four compound heterozygous
mutations in GFM1 (coding for mtEFG1) [22, 25] and
homozygous mutations in TUFM (encoding mtEFTu) [22],
TSFM (coding for mtEFTs) [21], MRPS22 [19], PUS1 again
[17], and in the arginine tRNA synthetase gene (RARS2)
[16] were found, bringing the total number of mutations on
12. Additionally, several compound heterozygous mutations
have been reported in the gene for mitochondrial aspartyl-
tRNA synthetase (DARS2) [20, 23]. Recently, 9 mutations
were identified in the gene for another tRNA modifying
gene, TRMU [24]. All patients harboring these mutations
show combined OXPHOS deficiencies, with (near) normal
complex II activities, and a clear defect in mitochondrial
translation (the latter was not tested for the MRPS22, RARS2,
and DARS2 mutations). The one exception is DARS2:
surprisingly, Blue-native PAGE as well as spectrophotometric
measurements revealed normal OXPHOS enzyme activities
[20]. The clinical features diﬀer substantially between all
patients and even between patients that carry the same
mutation, but generally the mutations result in severe and
early-fatal diseases.
As already mentioned in Section 2.3, defects in the tRNA-
modifying enzymes PUS1 and TRMU can result in mito-
chondrial disease. PUS1 converts uridine into pseudouridine
at several cytoplasmic and mitochondrial tRNA positions
and thereby improves translation eﬃciency in the cytosol as
well as the mitochondrion [17]. Thus it is not part of the
translation machinery, but it is required for protein synthesis
due to its function in post-transcriptional modification
of tRNAs. Pseudouridylation is the most frequently found
modification in tRNAs [232], however, the exact function is
not entirely clear. The marked variability in the severity of
the MLASA syndrome, despite the presence of an identical
PUS1 mutation, could partly be explained by the dual
localization of PUS1 [17]. A defect in PUS1 therefore impairs
both cytosolic and mitochondrial translation, resulting in
corresponding clinical symptoms that can vary due to indi-
vidual diﬀerences in compensation mechanisms in both cell
compartments. Bykhovskaya et al. suggested that compen-
satory changes in transcript levels of ribosomal proteins can
overcome the lack of pseudouridylation of tRNAs and that
pleiotropic eﬀects of PUS1 on non-tRNA substrates involved
in transcription and iron metabolism are a major cause of the
disease phenotype [233]. Notably, complex II can be aﬀected
slightly in addition to the other OXPHOS complexes that all
contain mtDNA-encoded subunits [17]. This could be a pri-
mary eﬀect of the decrease in cytosolic translation or it could
be a secondary eﬀect of the mitochondrial translation deficit,
leading to disruption of the mtDNA-dependent complexes,
which can subsequently cause destabilization of the entire
OXPHOS system. TRMU (tRNA 5-methylaminomethyl-2-
thiouridylate methyltransferase) is responsible for the 2-
thio modification of the wobble-base of the mitochondrial
tRNALys, tRNAGln and tRNAGlu. Defects in this enzyme
result in reduced steady-state levels of these three tRNAs
and consequently impaired mitochondrial protein synthesis
[24, 62]. The 2-thiouridylation is reported to be critical for
eﬀective codon-anticodon interaction and ribosome binding
[234, 235].
Concerning the mitochondrial translation factors,
defects have only been found in proteins involved in the elon-
gation phase, in all elongation factors except for mtEFG2,
which appears to function in termination instead elongation.
In GFM1, mutations have been reported in nearly all
protein domains, leading to severe hepato(encephalo)pathy
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[15, 22, 25]. All mutations result in a marked global
translation defect, with the strongest deficit in the three
complex IV subunits and the two complex I subunits ND5
and ND6. Both subunits of complex V (ATP6 and ATP8)
show normal or even increased synthesis rates, possibly
caused by more eﬃcient protein synthesis of bicistronic
compared to monocistronic mRNAs, which would then also
explain the near normal mitochondrial translation levels
of ND4 and ND4L. This variable pattern in translation
impairment was also found for a mutation in TSFM
[21], which will be described below. Surprisingly, tissues
are selectively aﬀected by GFM1 mutations, in spite of
its ubiquitous expression, with liver being most severely
aﬀected and heart hardly showing a defect [25]. This
tissue specificity appears to result from diﬀerences among
tissues in the relative ratios of the elongation factors and
in adaptive changes herein in response to dysfunction.
For example, transcription of TUFM was upregulated
in cardiac tissue in patients with a GFM1 mutation and
overexpression of either TUFM or TSFM in control and
patient fibroblasts impaired mitochondrial translation.
Overexpression of GFM2, on the contrary, did not have a
clear eﬀect on protein synthesis in either control or patient
cells [15, 25]. Remarkably, mtEFTu or mtEFG2, but not
mtEFTs or mtEFG1, can partially suppress the combined
OXPHOS system defect caused by the 3243A>G mutation
in tRNALeu(UUR) [126]. These observations evidence that
eﬃcient mitochondrial translation partly depends on
appropriate ratios of the elongation factors. A homozygous
mutation in TUFM was shown to be responsible for rapidly
progressive encephalopathy [22]. The mutation, located in
the tRNA-binding region of mtEFTu, hampers the formation
of the ternary complex with GTP and an aminoacylated
tRNA, resulting in a severe decrease in mitochondrial protein
synthesis [22, 236]. Notably, a homozygous mutation in
TSFM led to encephalomyopathy in one patient and
hypertrophic cardiomyopathy in another [21]. This could
be due to individual diﬀerences in relative abundance of
the translation factors and compensatory mechanisms in
the various tissues. Alternatively, as yet unknown genetic
modifiers of the mitochondrial translation machinery could
be involved. Steady-state levels of not only mtEFTs but also
mtEFTu were reduced, and overexpression of either factor
rescued the OXPHOS deficiency and translation defect.
The most likely explanation for these findings is that the
mutation, situated in a subdomain of mtEFTs that interacts
with mtEFTu, destabilizes the mtEFTu·mtEFTs complex and
promotes turnover of its components. Additional mtEFTu
or mtEFTs would then stabilize the complex.
Of all 81 human MRPs, mutations have been found
in merely two of them: MRPS16 and MRPS22 [18, 19].
Both defects resulted in a marked decrease in the 12S rRNA
transcript level, probably caused by impaired assembly of
the mitoribosomal small subunit, generating unincorporated
and instable 12S rRNA. MRPS16 is evolutionary highly
conserved, however, MRPS22 is only present in metazoa
[107]. Recently, both proteins were shown to be important
for assembly of the SSU [123]. In fibroblasts from patients
with a MRPS16 or MRPS22 mutation, the level of MRPS11
was significantly reduced, whereas considerable amounts
of MRPS2 were present. Furthermore, MRPS16 was barely
detectable in the MRPS22-mutated patient. The presence
of MRPS22 was not determined in these patients. On the
other hand, near normal levels of MRPL13, MRPL15 [123]
as well as 16S rRNA [18, 19] were found. These observations
indicate that both MRPS16 and MRPS22 are essential for
assembly and stability of the SSU. A lack of these MRPs
results in the failure to assemble part of the mitoribosome,
containing at least MRPS11, MRPS16, MRPS22, and 12S
rRNA, and subsequent degradation of its components. Both
a macromolecular complex containing MRPS2 and the
mitoribosomal large subunit can still be formed in the
absence of a functional SSU, suggesting that the assembly
of the mitoribosome is a process consisting of relatively
independent subassembly steps.
Mutations in the mitochondrial arginyl- and aspartyl-
tRNA synthetases (RARS2 and DARS2) are associated with
severe encephalopathy with pontocerebellar hypoplasia and
LBSL (leukoencephalopathy with brain stem and spinal cord
involvement and lactate elevation), respectively [16, 20, 23].
In both genes, intronic mutations that aﬀect splicing were
detected. The absence of extracerebral symptoms might be
explained by a potential diﬀerence in abundance of splicing
factors between brain and the unaﬀected tissues, enabling
synthesis of small amounts of wild-type transcript of the
synthetases in most tissues. Alternatively, the vulnerability
of the brain for aminoacyl-tRNA synthetase defects could
be due to the high expression of mitochondrial tRNAs in
this tissue [237]. The tRNAArg transcript is scarcely present,
but almost fully acylated, in patient fibroblasts harboring a
RARS2 mutation. Presumably, the little available wild-type
RARS2 can aminoacylate a small portion of the tRNAArg
molecules and the uncharged transcripts then become
unstable. This will impair mitochondrial protein synthesis,
which has only been confirmed in yeast [238]. In contrast,
DARS2 mutations do not seem to aﬀect mitochondrial
translation and likewise do not result in defects of the
OXPHOS complexes, notwithstanding a clear reduction in
aminoacylation activity [20]. The reason for this is currently
not understood.
Besides these nine gene products, numerous proteins
are indirectly involved in mitochondrial translation, as
should be evident from the current review, and defects
in these proteins could undoubtedly also interfere with
the translation process. For example, lack of the protease
paraplegin (see Section 3.3 for information on its function)
results in impaired mitochondrial translation in yeast and
in a hereditary spastic paraplegia (HSP) mouse model
[143]. Nonetheless, HSP patients with mutations in para-
plegin (HSP7) do not show consistent OXPHOS enzyme
deficiencies [239–241]; often only or mainly complex I
is aﬀected, while a combined defect would be expected.
The selective involvement of certain neurons could in this
case be rationalized by tissue-specific diﬀerences in the
expression of m-AAA protease subunits and their assembly
into proteolytic complexes, which vary in their subunit
composition depending on subunit availability [242]. This
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is analogous to the importance of elongation factor ratios
for eﬃcient mitochondrial translation and tissue-specific
variability herein.
6. Future Prospects
We have provided an extensive overview of the proteins and
processes (in)directly involved in mitochondrial translation
and the biogenesis of the OXPHOS system. Even though
our understanding of the mechanisms implicated in mito-
chondrial disease has increased rapidly over the last two
decades, it is far from complete. Due to the multitude of
proteins and intricacy of the processes needed for a properly
functioning OXPHOS system, identifying the genetic defect
that underlies an OXPHOS deficiency is not an easy task.
The shortage of large or consanguineous families as well as
the substantial clinical and genetic heterogeneity of mito-
chondrial disorders complicate the search by limiting the
available strategies. For instance, techniques such as linkage
analysis and homozygosity mapping that form powerful
tools in combination with whole-genome experimental data
sets [136, 243] often cannot be applied and mutation chips
are currently only available for the mtDNA. Consequently,
the molecular basis of many OXPHOS disorders remains
unresolved. In the future, molecular genetic diagnosis of
patients suspected to suﬀer from a mitochondrial disorder
might no longer require extensive investigations that inte-
grate information from clinical phenotype, family history,
brain imaging and laboratory findings to direct the laborious
tasks of screening known candidate genes and, when this is
unsuccessful, searching for new genetic causes [43]. Instead,
recent progress in the development of next-generation DNA
sequencing technologies, which are much cheaper and faster
than the conventional approach of polymerase chain reaction
followed by capillary sequencing, indicates that within the
next few decades high-throughput sequencing could become
a feasible option for mutation detection [244, 245]. These
methods are anticipated to eventually enable sequencing
of the entire human genome for under $1000 within a
day, allowing their routine clinical use and accelerating the
discovery of novel disease genes. Exome sequencing, that is,
the targeted sequencing of all protein-coding regions, oﬀers
an alternative to whole-genome sequencing by facilitating
direct identification of the causative gene at a fraction
of the costs [246, 247]. However, much remains to be
achieved, for example proper bioinformatic tools to deal with
the tremendous amounts of data, before such technologies
can be readily applied to elucidate the genetic etiology of
OXPHOS deficiencies and other disorders. Systems biology
techniques will keep increasing our knowledge of the mecha-
nisms underlying complex diseases and in combination with
high-throughput sequencing these approaches will advance
disease-gene discovery even more. Integrative analysis of
functional data is useful especially for gaining insight into
the scarcely understood field of modifier genes, which are
thought to account for part of the clinical variability seen
in mitochondrial diseases. Systematic mapping of genetic
interactions revealed a class of modifier or “hub” genes that
are proposed to enhance the phenotypic consequences of
mutations in many diﬀerent genes, the “specifier” genes that
define the specific disorders, and thus serve as global mod-
ifier genes in multiple mechanistically unrelated disorders
[248]. Hopefully, these and other important findings will
lead to the discovery of additional modifier genes implicated
in mitochondrial disorders. Progress in mutation detection,
both in specifier and modifier genes, is crucial for extending
the possibilities for genetic counseling, prenatal diagnosis,
and interventions to prevent transmission now and to cure
these serious disorders in the future. Currently, no eﬀective
therapy is available; the various existing treatment strategies
are mainly supportive [249, 250]. Gene therapy might oﬀer
a solution since it allows for curative treatment without
the need for a clear genotype-phenotype correlation, which
is often lacking in mitochondrial disorders. Although the
development is still in its infancy for both mtDNA and
nDNA gene therapy and many challenges are to be overcome,
promising results have been obtained in cell cultures and
animal models, providing hope for a cure in the not-too-
distant future. Thus rapid advances in technologies and
consequently in our understanding of the pathogenesis
of OXPHOS defects should lead to the ultimate goal of
eﬀectively preventing and curing these often devastating
disorders.
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